Antimicrobial peptides (AMPs) are broad spectrum antibiotics that selectively target 14 bacteria. Here we investigate the activity of human AMP LL37 against Escherichia coli by integrating 15 quantitative, population and single-cell level experiments with theoretical modeling. Our data 16 indicate an unexpected, rapid absorption and retention of a large number of LL37 by E. coli cells 17 upon the inhibition of their growth, which increases the chance of survival for the rest of 18 population. Cultures with high-enough cell density exhibit two distinct subpopulations: a 19 non-growing population that absorb peptides and a growing population that survive owing to the 20 sequestration of the AMPs by others. A mathematical model based on this binary picture 21 reproduces the rather surprising behaviors of E. coli cultures in the presence of LL37, including the 22 increase of the minimum inhibitory concentration with cell density (even in dilute cultures) and the 23 extensive lag in growth introduced by sub-lethal dosages of LL37. 24 25 34 (2006). 35 A hallmark of the AMPs antibacterial mechanism is the role of physical interactions. AMP's 36 structures exhibit two common motifs: cationic charge and amphiphilic form Zasloff, M (2002); 37 Brogden (2005). The cationic charge enables them to attack bacteria, enclosed in negatively charged 38 membranes, rather than mammalian cells, which possess electrically neutral membranes. The 39 1 of 12 Manuscript submitted to eLife amphiphilic structure allows AMPs to penetrate into the lipid membrane structures Matsuzaki et al. Despite our detailed knowledge on AMP's interactions with membranes, we lack a compre-43 hensive picture of the dynamics of AMPs in a population of cells. We are yet to determine the 44 extent to which the AMP's physical interactions disrupt biological processes in bacteria and the 45 degree to which electrostatic forces govern the diffusion and partitioning of AMPs among various 46 cells. Specifically, it was suggested by Matsuzaki and Castanho et al. that the density of cells in a 47 65 (∼1×1× µ ) Taheri-Araghi et al. (2015). With no direct interactions among the cells and nutrients 66 in excess for all, this dependence suggests that the effective peptide concentration is somehow 67 compromised in a cell density dependent manner. 68 By tracking a dye-tagged version of LL37 peptide, we found that the inhibition of growth of E. 69 coli cells was followed by the translocation of a large number of AMPs into the cells cytoplasm, thus 70 reducing the peptide concentration in the culture, which works in favor of other cells. In the sense 71 of such dynamics, MIC refers to a sufficient concentration of AMPs for absorption into all the cells. 72 Below the MIC, peptide is absorbed by only a fraction of cells, leaving an inadequate amount of 73 AMPs to inhibit the growth of remaining cells. We have directly observed that cultures with sub-MIC 74 concentrations of dye-tagged LL37 exhibit a heterogenous population combining non-growing cells 75 containing many LL37 and growing cells without LL37.
Introduction
Antimicrobial peptides (AMPs) are natural amino-acid based antibiotics that are part of the first 27 line of defense against invading microbes in multicellular systems Zasloff, M (2002) ; Brogden 28 (2005) . In humans, AMPs are found in many organs that are in contact with the outside world, 29 including airways, skin, and the urinary tract Hancock and Lehrer (1998) ; Zasloff, M (2002) ; Brogden 30 (2005) ; Jenssen et al. (2006) ; Ganz (2003) ; Epand and Vogel (1999) . The short sequence of the AMPs 31 (typically <50 amino acids) along with the flexibility in the design and synthesis of new peptides has 32 spurred attention towards understanding the detailed mechanism of AMPs action which can lead to 33 the rational design of novel antibiotic agents Zasloff, M (2002) ; Brogden (2005) ; Hancock and Sahl culture can alter the activity of AMPs through distributions among different cells Matsuzaki (1999); 48 Melo et al. (2009) . We have recently examined the role of adsorption on various cell membranes 49 theoretically Bagheri et al. (2015) . Experimental investigations using bacteria and red blood cells by 50 Stella and Wimley groups Savini et al. (2017) ; Starr et al. (2016) directly demonstrated the decisive 51 role of cell density on the effectivity of antimicrobial peptides. 52 In this work, we utilize complementary experimental and modeling approaches to understand 53 the population dynamics of AMP's activity from a single-cell perspective. Like all antibiotic agents, 54 AMPs need a minimum concentration (MIC) to inhibit growth of a bacterial culture. For some 55 antibiotics, including AMPs, the MIC is dependent on the cell density. Often referred to as the 56 "inoculum effect", this phenomena is a trivial consequence of overpopulated cultures. However, in 57 dilute cultures, MICs have been reported to reach a plateau independent of cell density Savini et al. 58 (2017); Starr et al. (2016) ; Udekwu et al. (2009) ; Artemova et al. (2015) , unless the cell population 59 becomes so small that stochastic single-cell effects become important Coates et al. (2018) . 60 For a precise measurement of the inoculum effect, we extended microplate assays by Wie-61 gand et al. (2008) to obtain a functional form of the MIC in terms of the initial cell density (the 62 "inoculum size"). Contrary to our expectations, we observed that the MIC for the LL37 peptide 63 (AnaSpec, California) remains dependent on Escherichia coli density, even in dilute cultures where 64 the average cell-to-cell distance is above µ , much greater than the average cell dimensions 
coli cells. (A)
A two-dimensional dilution scheme, which includes a linear dilution of LL37 in columns 7 and 12 followed by two separate 2/3 dilution series of the cells and LL37 on columns 12 to 8 and 7 to 1. (B) Each well represents a different combination of LL37 and cell densities from which we can extract the MIC as a function of inoculum size by monitoring growth of the culture in individual wells. The solid data points refer to the wells with growing culture and the size of the marker refers to the number of repeated trial outcomes that resulted in growing cultures. The empty points refer to wells with no visible growth. A theoretical model developed later in this work nicely fit the average MIC. (C) The growth of the cultures were monitored by an automated plate reader in terms of OD 600 . Growing cultures reach a yield comparable to each other while non-growing cultures do not exhibit consistent increase in OD 600 . Data are from column 11 of Fig 1AB and (2018) . 90 To map out the functional form of the inoculum effect, we implemented a two-dimensional 91 dilution scheme on a 96-well plate (Fig. 1A) . The scheme incorporates a linear dilution of LL37 92 in columns 7 and 12 followed by a 2/3 dilution series of cells and LL37 over two distinct regions, 93 columns 12 to 8 and 7 to 1. (See SI Figs. S1 and S2 for details of the cell counting and plate 94 preparation). An early exponential E. coli culture in rich defined media (RDM, Teknova) was diluted 95 to specific cell densities to cover a relatively even distribution of inoculum sizes. 96 Each well on the microplate corresponds to a unique combination of LL37 and cell densities 97 ( Fig. 1B) . The growth of the cultures in wells were monitored for 24 hours by an automated plate 98 reader (EPOCH 2, BioTek) in terms of optical density at 600nm wavelength (OD 600 ), while the plate 99 was incubated with orbital shaking at 37 • C. Growth or inhibition of growth in each well is evidently function of inoculum size ( Sub-MIC cultures exhibit delayed growth, not slow growth 109 An interesting feature evidenced in the results was the extended lag phase, up to several hours, 110 introduced by the sub-MIC concentrations of LL37 (see Fig. 1C ). Despite such a 'growth delay,' the 111 average doubling time of the cells ( ) did not change significantly, remaining under 30 minutes in 112 most cases (see Fig. 1D ). We tested and confirmed the stability of peptides over the duration of the 113 experiment ( Fig. S5 ). Hence, we hypothesized that this behavior was attributed to heterogenous 114 cell death, where the growth of a fraction of the cells is inhibited, while the rest of the cells recover 115 the normal population growth after a time delay that is correlated to the number of dead cells. This 116 hypothesis is investigated further at the single-cell level. 131 We further investigated peptide absorption by tracking dye-tagged peptide action on live cells. 132 To this end, we brought E. coli cells from an exponential culture to an imaging platform where 133 they were treated with an above-MIC concentration ( µ ) of 5-FAM-LC-LL37 under agarose gel 134 containing RDM growth media. (see Fig. S7 for the imaging platform). 135 We closely monitored cell growth and distribution/localization of peptides by phase contrast and 136 fluorescent time-lapse microscopy ( Fig. 2A ). By analyzing 383 cells, we observed that the inhibition 137 of growth is followed by a rapid translocation of peptides into target cells, as quantified by a jump in 138 the cell's fluorescent signal (Fig. 2B ). As a result, fluorescent signals showed a bimodal distribution 139 over the course of the experiment. A large degree of temporal, cell-to-cell heterogeneity was also 140 observed as the peptide translocation time varied for about 30 minutes for different cells (Fig. 2B ). 141 The fluorescent signal remained high after translocation confirming retention of peptides in the 142 cells. 143 The instantaneous growth rate of individual cells was non-monotonic and collapsed onto each 144 other once plotted with reference to peptide translocation time (Fig. 2C ). There is a drop to negative 145 values, indicating the shrinking of cells, which was found to be synchronized with the uptake of 146 peptides. The growth rate reaches a steady value of zero in ∼10 minutes. 147 As a whole, E. coli cells exhibited a binary physiological state over the course of the peptide 148 action in terms of growth rate and peptide uptake. That is, the cells were found to be in either of 149 these distinct states: (1) growing, with no significant peptide uptake; and (2) (1) state (2) time ( by an abrupt peptide uptake. This is quantitatively evident in the scatter plot of the instantaneous 151 growth rate as a function of fluorescence intensity, where cells segregate into two separate clusters 152 ( Fig. 2D) . At the peptide concentration of µ (above the MIC) all cells were initially in state (1) signal, which suggests that a similar number of peptides are taken by each cell (Fig. 3C ). 
Single-cell data demonstrate absorption and retention of peptides in target cells
This model predicts two different outcomes (see Fig. 4B ) depending on the initial concentrations of (Fig. 1) . The delay is calculated with respect to the lowest AMP concentration (row H) of Fig. 1AB . that the number of surface bound peptides correlates with the concentration of free peptides in 191 solution). 192 We further examined whether the model can reproduce other experimental data without 193 additional fitting. In particular we tested whether the model could predict the growth delay in 194 surviving bacterial population when the concentration of AMPs is increased (see Fig. 1C ). The 195 predictions of our model agree reasonably well with experimental results for the growth delay of 196 population (see Fig. 4D ), given the simplicity of the model. Neidhardt Neidhardt et al. (1974) , which is commercially available from Teknova Inc. The average generation time of the E. coli strain used in this study was 23 minutes in RDM at 37 • C. All cells in the 280 experimental samples were grown to early or mid log phase prior to the start of the experiment in 281 a 37 • C water bath shaker, set to 240 rpm. 
